Introduction
[2] In subduction zones plate convergence and crustal deformation occur through various phases of the earthquake cycle. The prominent phases of the earthquake cycle are the interseismic, coseismic and postseismic phases. During the interseismic period, strain accumulation occurs on the Main Thrust Zone (MTZ), whereas steady slip (stable sliding) continues on the part of the plate boundary fault that lies further downdip of the MTZ. Thus strain accumulation and release during the earthquakes occurs on the MTZ through stick slip behavior. Between the stable sliding and stick slip behavior of MTZ on the plate boundary fault, there lies a zone of metastable sliding which may slip if triggered by dynamic strain accompanying incoming rupture fronts and also may creep slowly during the postseismic phase, with rates below those that are detectable by seismic instrument but at rates higher than the plate motion in that region [e.g., Melbourne et al., 2002] . This zone is also the region where episodic slip and tremor events are located, which can occur spontaneously [e.g., Rogers and Dragert, 2003] . Since this region is comparable in size to the seismogenic region and slip rates are similar to that in the MTZ region, it certainly affects the global strain budget [Melbourne et al., 2002] . High quality time series from the GPS sites reveal that the deformation during this phase is transient and represents the deformation of the medium in response to the stress variation induced by the coseismic stress drop.
[3] Geodetic measurements of postseismic deformation are generally interpreted as a result of (1) afterslip on the MTZ and/or on unruptured fault patches near the surface (referred as the shallow afterslip) or downdip of the MTZ (referred to as deep afterslip) [e.g., Marone et al., 1991; Segall et al., 2000; Pollitz et al., 1998; Bürgmann et al., 2002; Hsu et al., 2002; Melbourne et al., 2002; Montési, 2004; Ueda et al., 2001] ; (2) viscous deformation of the lower crust and upper mantle [e.g., Thatcher, 1983; Freymueller et al., 2000; Hu et al., 2004; Pollitz et al., 2006a Pollitz et al., , 2006b ], where coseismic stress changes imparted to the hot lower crust and upper mantle cannot be sustained and drive viscoelastic flow; and (3) poroelastic rebound [e.g., Peltzer et al., 1998; Wang, 2000] , where coseismic pressure changes drive fluid flow within the upper crust. Each of these mechanisms is capable of causing observable postseismic surface displacements and can operate independent-ly or in combination [e.g., Márquez-Azúa et al., 2002] . However, the respective contributions of each of these processes are poorly known and probably depend on the local tectonic setup, rheology, etc. Afterslip seems a dominant factor in the early phase of relaxation and is generally located immediately downdip of the MTZ. There are several cases where afterslip is reported to occur on the metastable region, e.g., the M w 8.1 Antofagasta earthquake [Chlieh et al., 2004] , the M w 9.2 1964 Alaska earthquake [Cohen, 1998 ], the M w 7.4 1999 Izmit earthquake , the M w 8.0 Colima Jelisco earthquake [Hutton et al., 2001] , and the M w 7.6 1999 Chi-Chi earthquake [Perfettini and Avouac, 2004] .
[4] In this article we present evidence of intense postseismic deformation in the Andaman-Nicobar region following the 2004 Sumatra-Andaman earthquake and model the deformation due to afterslip, assuming that this process may dominate the early near-field surface displacements. We analyze the characteristics of postseismic displacement and aftershocks and estimate the return period of similar large earthquakes.
Coseismic Displacements Due to the 2004 Sumatra-Andaman Earthquake
[5] The M w 9.2, 26 December 2004 Sumatra-Andaman earthquake ruptured about 1400 km of the Sunda-Andaman subduction boundary between the India-Australia and Sunda plates [Ammon et al., 2005; Lay et al., 2005; Stein and Okal, 2005; Banerjee et al., 2007; Subarya et al., 2006; Chlieh et al., 2007] . The oblique convergence in the AndamanSumatra region between the India-Australia and Sunda plates results in slip partitioning, wherein predominantly trench normal motion is accommodated in the frontal arc region and trench parallel motion is accommodated in the back arc region, comprising the Sumatra Fault System, a major strike slip fault, and the Andaman Sea Ridge Transform fault region in the Andaman Sea [Fitch, 1972; McCaffrey, 1992] . The Sumatra Fault System in the Sumatra region, joins with the West Andaman Fault, east of Great Nicobar and the latter extends northward up to east of North Andaman island [Curray, 2005; Kamesh Raju et al., 2007] . Recent investigations suggest that strain is fully partitioned in the Sumatra region whereas in the Andaman Nicobar region it is partial [Gahalaut and Gahalaut, 2007] . Thus oblique subduction occurs in the Andaman region. The 2004 earthquake not only provided the most extensive high quality broadband seismic waveform data set ever recorded for a great earthquake [Ammon et al., 2005] , it also provided the most extensive geodetic data ever for a great earthquake. In the Andaman-Nicobar region, the earthquake caused coseismic horizontal displacement of 1.6 (Havelock Island) to 6.6 m (Car Nicobar) in a predominantly WSW to southwest direction (Figure 1 ) [Jade et al., 2005 [Jade et al., , 2007a Banerjee et al., 2007] . Coseismic subsidence of 1 -2 m occurred on the east coast of the Andaman-Nicobar region, except in North and Little Andaman, where coseismic uplift of the order of 0.5 -1.0 m was reported . Comparable coseismic movements occurred in the Simeulue island and in the northern Sumatra region [Subarya et al., 2006] . Coseismic vertical displacements in AndamanNicobar region derived from the GPS observations are consistent with field observations and analyses of satellite imagery in the region [Meltzner et al., 2004] . Even in the farfield region, e.g., at the IGS permanent GPS site IISC in south India that is located more than 2000 km from the earthquake epicenter, coseismic displacement of up to 1 cm was estimated Catherine et al., 2005; Jade et al., 2007a] .
GPS Measurements of Interseismic Deformation
[6] Paul et al. [2001] and Jade [2004] reported results of campaign mode GPS observations at Port Blair (located at 11.61°N and 92.72°E) made during four epochs spanning the 1996-1999 period. We reprocessed these data and estimated the horizontal interseismic motion of Port Blair in ITRF05 as 29.7 ± 1 mm/a in the north, 33.3 ± 1.5 mm/a in the east direction and negligible vertical interseismic motion of 3 ± 2.5 mm/a. We used the Euler pole for Indian plate motion [Jade et al., 2007b] and calculated the motion of Port Blair with respect to Indian plate as 9 ± 2 mm/a toward N254° (  Figure 1 ). Paul et al. [2001] suggested that this motion represents elastic strain accumulation during that period.
GPS Measurements of Postseismic Deformation
[7] Immediately after the 26 December 2004 SumatraAndaman earthquake, we established 22 sites in the AndamanNicobar region during January -February 2005. These sites also include some of the sites which were earlier installed and occupied by Survey of India (SOI) before the earthquake . The sites are either located on hard rock or on a deeply buried cement pillar reinforced with iron rods with proper markings. The north -south trending island belt is parallel to the strike of the subduction zone and we could establish sites on major islands spread over 700 km length that are located about 100 -150 km east of the trench axis. The east-west extent of the island belt is very small (maximum of about 40 km) and only in Andaman, which is more populated, we could establish 3 -4 across this direction. At other islands, site occupation was limited by the remoteness of the islands. Most of this region is reserved for local tribes and hence movement of outsiders is strictly restricted. We installed a permanent site on 7 September 2005 at a previous campaign mode site in Port Blair, PBLR [Jade et al., 2005] IGS permanent sites (WUHN, BAKO, KUNM, COCO,  LHAS, SELE, POL2, DGAR, IISC, KIT3 , and BAHR) using GAMIT software to obtain daily independent solutions [King and Bock, 2000; Herring, 2000] . The daily coordinates and velocities of all permanent and campaign sites were estimated in the ITRF05 reference frame [Altamimi et al., 2007] by constraining IGS reference station positions and velocities in the region to their reported values in that frame with standard errors provided by the IGS. The average day-to-day repeatabilities in the north and east components of the estimated coordinates of all campaign sites used in the GPS analysis, show standard deviation (s) of <3 mm in the North, <5 mm in the East and <15 mm in the Up component. These are correspondingly reflected in the horizontal error ellipses computed by the GAMIT/GLOBK software using the correlations between the baseline component estimates.
The estimates of site velocity in ITRF05 are given in Tables 1  and 2 .
Estimates of Postseismic Displacements
[8] We estimated the velocity in the India fixed reference frame using the Euler pole for the Indian plate motion, estimated by Jade et al. Subarya et al., 2006] . The earthquake rupture in the frontal arc is shown with a light gray color. Slip contours of 5 and 10 m on the rupture are also indicated [Chlieh et al., 2007] . Coseismic displacements larger than 1 m only are shown to avoid congestion. Vertical open arrows denote coseismic elevation changes. The gray arrow at Port Blair with a rate of 9 ± 2 mm/a shows the interseismic rate with respect to the India plate. WAF, West Andaman Fault; EMF, Eastern Margin Fault [Curray, 2005; Kamesh Raju et al., 2007] . ments ( Figure 3 ) that were derived from these campaigns. As the deformation rates are very large, of the order of several cm/a, use of a different estimate of Euler pole for Indian plate motion, e.g., as estimated by Bettinelli et al. [2006] , makes an insignificant difference of 1 -2 mm/a in these rates in the Andaman Nicobar region. During the February 2007 campaign only about half of the sites could be occupied. The velocity at all sites during 2005 -2006 is several times higher than the interseismic velocity. Higher velocity and reversal in orientation of the site motion at all sites suggest that postseismic deformation is occurring in the Andaman Nicobar region.
[9] During 2005 -2006, the horizontal velocity estimates range between 9 and 41 cm/a and indicate movement toward the west to southwest direction at all sites in the Andaman-Nicobar region. Further, these observations suggest that uplift occurred at all places during this period (Figure 2 ). In the Nicobar region the uplift is minimal. Maximum uplift of 16.5 ± 2 cm/a occurred at a site, BTNG, in Middle Andaman. It may be recalled that coseismic subsidence occurred at most sites except those in the Little and North Andaman. The horizontal postseismic velocities systematically decreased from south (CBAY) to north (DGPR) and from East to West in the Andaman region.
[10] In the 2006 -2007 period, the trend in velocity at all sites continued to be the same but the magnitude decreased significantly (Figure 3 ). The sites moved at rates ranging from 4 -17 cm/a. In this period uplift continued at all stations. Maximum uplift occurred at the same site, BTNG, in Middle Andaman, at a rate of 7.5 ± 2 cm/a.
Temporal Variation in Postseismic Deformation
[11] At seven campaign GPS sites, measurements at three or more epochs are available ( Figure 4 ) and continuous measurements exists for the PBLR permanent site at Port Blair, in S Andaman. In Port Blair we have two additional campaign mode sites (PORT and PTBR), which were occupied while installing the permanent GPS station at PBLR (Figure 4 ). This helps us to make a composite time series at Port Blair since the earthquake. Since all these sites in Port Blair, i.e., PBLR, PORT and PTBR, are within 2 km from each other and exhibit similar variation in displace- ) was nominal.
[12] In the early period of postseismic deformation, it is assumed that the deformation is predominantly driven by frictional afterslip and follows a logarithmic function. We attempted to fit a logarithmic curve in which displacement (D) varies according to the relation, D = F Â log 10 (1 + t/T d ), where T d is the characteristic time and t is the time since the earthquake [e.g., Marone et al., 1991; Freed, 2007] . F is a forcing function (Figure 4 ). At the Port Blair permanent station PBLR, we estimated T d to be 60 and 70 days for the north and east component of displacement. At other campaign mode sites where data are available only once in a year, the choice of fitting the relation with T d as 70 days is not unambiguous (Figure 4) . Nevertheless, T d of 70 days provides a reasonably good fit at all sites. Another unknown in the relation is the amount of postseismic displacement between the period of earthquake occurrence and the first GPS observation at the site, i.e., the missed postseismic displacement. We estimated this at each site in least squares sense. At any site we did not find this missed displacement to be more than 10 cm.
Simulation of Postseismic Deformation
[13] It has been suggested that frictional afterslip is dominant for postseismic deformation in the early period [e.g., Avouac, 2004, Hsu et al., 2006; Banerjee et al., 2007; Paul et al., 2007] . Banerjee et al. [ , 2007 , Chlieh et al. [2007] , Paul et al. [2007] , and Hsu et al. [2006] analyzed the postseismic deformation data for the 2004 Sumatra-Andaman and the 2005 Nias earthquakes and argued in favor of frictional afterslip. We also assume that frictional afterslip is the mechanism responsible for postseismic deformation and attempt to estimate the location of afterslip and its magnitude in various segments of Andaman-Nicobar using the 2 years of GPS measurements of postseismic deformation in the region. Since the vertical deformation at all sites is quite large and is estimated quite unambiguously from GPS measurements, we used it in our analysis.
[14] Owing to large number of sites in Andaman and use of vertical velocity, a qualitative assessment of the location of afterslip can be made easily. Here uplift and predominantly westward velocity at sites decrease from east to west ( Figure 5 ), which clearly suggests that the afterslip patch must be located east of the island belt. Similarly, in Great Nicobar region, high horizontal velocity and little vertical motion suggest that afterslip patch must be located under the island belt ( Figure 6 ). We approximated the geometry of the subduction zone using the relocated earthquake catalogue of Engdahl et al. [2007] . We considered that the main thrust zone in the Andaman Nicobar region dips at an angle of 15°, which increases to about 25°-30°beyond 40 km depth and becomes very steep beyond 100 km depth (Figure 7) . We divided the Andaman-Nicobar region into seven blocks by considering the similarity in displacement in each block and number of sites in each block. We used Okada's [1985] solutions for simulation for surface deformation due to uniform slip on a rectangular fault.
[15] We realize that there exists a trade off between the location of afterslip with respect to the sites in the AndamanNicobar region and the slip on the afterslip patch. We demonstrate this in Figure 8 using the site velocities from South Andaman. We considered two cases. In the first case, we placed the updip edge of the afterslip patch at 35 km depth and 131 km away from the trench (shallower/nearer patch). In the second case the depth of updip edge is 45 km and it lies a distance of 168 km from the trench (deeper/ farther patch). In both cases the afterslip patch extends to depth of 80 km. The shallower/nearer patch predicts larger vertical displacement in comparison to the deeper/farther patch. However the slip is greater in the latter case. If we use the horizontal velocity only, we may end up estimating low slip on the patch that lies very close to the island belt at a shallow depth. We estimated the position of the afterslip patch in each region in such a way that the difference in the simulated and observed value of velocity is minimal. We gave more weight to horizontal velocity as compared to vertical velocity, due to lower formal uncertainty in the former. In each case, the zone of afterslip lies east of the island belt and extends in downdip direction at an angle of 24°with its updip edge varying from 36 km in the south, i.e., east of Little Andaman, to 41 km in the north, i.e., east of North Andaman (Figure 2 ). We could not constrain the downdip edge of the afterslip patch but it extended at least up to a depth of 80 km in all cases. The updip edge of the afterslip patch lies at a distance of about 30-40 km east of the Andaman island belt. The magnitude of slip varies from about 1.7 m to 3.0 m in the Andaman region. Owing to the availability of many sites in the Andaman region, the estimates of slips are reliable within an uncertainty of about 0.05 m whereas, elsewhere the estimates are reliable within an uncertainty of 0.1 m. In the Little Andaman region, the patch lies under the island belt with a slip of about 0.8 m. In the Great Nicobar region, high horizontal velocity but almost no uplift constrains the afterslip patch with a slip of about 1.5 m, to be located under the island belt region which extends in both southeast and northwest directions of the island (Figures 2 and 6) . In an effort to find an alternate model of location of afterslip patch, we tried several other models with deeper patch of gentle or steeper dip, however, none of these models match with the observations in the Great Nicobar. Unfortunately the site in Car Nicobar, which survived the brunt of the earthquake and tsunami, got damaged during intensive construction work in the region after the earthquake. We established a new site during the 2006 campaign. The sense of motion on the afterslip patch in the Andaman region is oblique to the trench axis, which becomes normal to the trench in the Little Andaman and Great Nicobar region. The afterslip model predicts southwestward motion at the far-east sites in the Thailand region. Specifically, at BNKK site (Bangkok) it predicts a displacement of 4.8 cm toward N250°, similarly at CPN [Hashimoto et al., 2006] it predicts a displacement of 7.5 cm toward N257°. These estimates are consistent with the estimates of 4.5 and 6.5 cm for the postseismic displacement during approximately similar period at these sites [Hashimoto et al., 2006] . However, as we used elastic half-space earth model, it will not be entirely appropriate to estimate displacement at such far field sites. It will not be appropriate to compare our model prediction at sites located farther south, e.g., at PHKT (Phuket) and at SAMP (IGS site in Sumatra). At these sites displacement is also influenced by the postseismic deformation occurring in the frontal region lying south of the Nicobar island and west of Sumatra, [16] During the first year, total moment of afterslip in the Andaman region is 0.38 Â 10 29 dyn-cm (M w 8.3) and in the Great Nicobar region is about 0.18 Â 10 29 dyn-cm (M w 8.1), totaling to about 0.56 Â 10 29 dyn-cm, which corresponds to an earthquake of M w 8.4. Paul et al. [2007] , using postseismic data of 2 years from a very sparse network in the Andaman region (excluding the Little Andaman), reported moment release (about 0.02 Â 10 29 dyn-cm) equivalent to M w 7.5 earthquake, which is much less than that estimated by us. During the 2004 Sumatra-Andaman earthquake, the coseismic moment release in the Andaman-Nicobar region is estimated to be about 4.5 Â 10 29 dyn-cm . Thus over a period of 1 y, afterslip in Andaman Nicobar region slowly released about one sixth of the coseismic moment.
[17] Two sites, HAVE and KALA, on Havelock island, about 30 km east of the eastern coast of S Andaman (Figure 2 ) show higher movement toward the southwest which is distinctly different from the predominantly westward movement in the Andaman region. However, the vertical deformation rates here are similar to those observed in the Andaman region. It is possible that the north -south-oriented right lateral strike slip fault, the Eastern Margin Fault (EMF) [Curray, 2005] between the Andaman and Havelock island got activated during the postseismic period to cause such movement at those sites. A few focal mechanisms solutions in the region confirm such motion [Engdahl et al., 2007] . Another site in East Island (EAST) that lies north of the N Andaman, also shows SW movement. This site lies close to the northern edge of the 2004 Sumatra-Andaman earthquake rupture and hence such motion may be expected at this site.
[18] We also show trench normal cross sections of velocity in Andaman Nicobar region (Figures 5 and 6 ). Since the strike of the trench in the Andaman region is almost northsouth, the eastern component of the displacement at each site is the trench normal component in the Andaman region. These sections, particularly in the Andaman region, demonstrate the decrease in velocity from east to west, which is consistent with the afterslip patch to be located east of the island belt. The cross section across the Great Nicobar demonstrates that high horizontal with almost no vertical velocity is consistent with the afterslip patch being located under the island belt.
[19] The 2006 -2007 postseismic velocity estimates at nine sites in the region require almost similar afterslip patch total moment release by all the aftershocks is about 9.3 Â 10 27 dyn-cm (or equivalent to a single earthquake of M w 7.9) and is only 13% of the moment of postseismic afterslip, indicating that afterslip was essentially aseismic.
Aftershocks and Postseismic Displacement
In the subsequent paragraph we analyze the evolution of postseismic displacement and aftershocks in the Port Blair region.
[21] Perfettini and Avouac [2004] examined the postseismic deformation and the aftershocks of the 1999 Chi-Chi earthquake (M 7.6) and found that temporal dependence of postseismic deformation differed from the aftershocks by only a term linear in time [Savage et al., 2007] . They suggested that both the processes were primarily driven by fault creep on the brittle creeping fault zone located downdip from the coseismic rupture, represent a delayed response to the coseismic stress changes and follow log(t) evolution. They proposed that the fault creep is governed by [2006] showed that the same relation without the term linear in time. Savage et al. [2007] expressed the relationship in the following form:
where U(t) and N(t) and cumulative displacement and aftershocks and a 1 , b 1 , and c 1 are the constants. The constant b 1 is related to interseismic velocity at site. They also included the viscous relaxation term d(1Àe Àat ). For t ( 1/a, i.e., during the early period of postseismic deformation, this term vanishes. Savage et al. [2007] showed that the above relationship holds for the case of the 1999 Chi-Chi (M 7.6, Taiwan), the 1999 Hector Mine (M 7.1, southern California), the 2002 Denali (M 7.9, central Alaska), the 2003 San Simeon (M 6.5, central California) and the 2004 Parkfield (M 6.0, central California) earthquakes.
[22] We analyzed postseismic displacement at Port Blair permanent GPS site, PBLR, and aftershocks that occurred within 200 km of this site (Figure 10) . We use the above equation and estimate a 1 , b 1 , and c1 in the best fitting manner. It can be seen that the relation between U(t) and N(t) is not linear (Figure 9 ). However, inclusion of the term linear in time (b 1 t) clearly improves the fitness. In fact it appears from Figures 4d-4f of Hsu et al. [2006] for the 2005 Nias earthquake, that the fit can probably be improved by considering the inclusion of a time-dependent term. Additionally, we tried to fit simplified form of equations (50) and (52) of Perfettini and Avouac [2004] , in the displacement and aftershock evolution and estimated characteristic relaxation time, t r , as 46.5 and 5.5 y, respectively (Appendix A). Thus though, the relationship between the aftershocks and displacement is linear, the characteristic time in the two cases do not appear to be the same. They could be different because the response behavior could be independent and the temporal variation of aftershocks may not totally be governed by the time evolution of the stress induced by afterslip. However, if we invoke high velocity (V 0 ) in the postseismic period, the same value of t r /d, as estimated from aftershock evolution can be fitted into the displacement. Such a case will require velocity of the about 10-30 cm/a, which may be due to a very rapid reloading caused by viscous relaxation after the giant earthquake. High postseismic velocity reaching 20 cm/a in the source region have been suggested by Pollitz et al. [2008] . However, realizing that Pollitz et al. [2008] suggested a northeastward movement of Port Blair due to viscoelastic relaxation against the observed southwestward motion, we prefer the first hypothesis.
[23] The above exercise emphasizes that the temporal evolution of postseismic deformation seems to be consistent with a mechanism governed by frictional afterslip.
Missed Out Early Postseismic Displacement and High Afterslip in the Andaman Region
[24] Campaign mode GPS measurements of coseismic displacements in the Andaman Nicobar region were made about 16-25 days after the earthquake on 26 December 2004 . Thus these measurements contained early postseismic displacement that must have occurred during that period and which was missed in the GPS measurements of postseismic deformation. Chlieh et al. [2007] inferred the missed postseismic displacement at these sites by subtracting the predicted coseismic displacement derived from their preferred model, G-M 9.15, from the reported campaign mode displacement . Their model is based on elastic half-space earth Figure 8 . Simulation of postseismic displacement using a shallow and nearer afterslip patch (gray curves) and deeper and farther afterslip patch (black curves). model and they used the far-field GPS measurements as well. They inferred high postseismic displacement of about 1 -1.5 m in the Andaman region that occurred in the first 15-20 days after the earthquake. They interpreted it in terms of afterslip of about 4-10 m on the rupture in the Andaman region. Elsewhere along the rupture the inferred afterslip was about 2 -4 m. However, they suggested that the spatial distribution of the afterslip is poorly constrained. Banerjee et al. [2007] used a short time series of postseismic displacement at Port Blair of duration of 16 -125 days following the earthquake, and fitted a log(t) curve. The extrapolation of the curve suggested that the missed postseismic displacement is only about 24 cm [Banerjee et al., 2007] . They interpreted the postseismic deformation as a result of afterslip occurring downdip of earthquake rupture. From our analysis of longer time series of duration of 16-800 days following the earthquake and using Savage et al.'s [2007] relation, we inferred that the missed out postseismic displacement is not very large, as compared to the coseismic displacement, e.g., at Port Blair it is only about 10-12 cm. The postseismic deformation in the subsequent period is consistent with high afterslip in the Andaman region [Chlieh et al., 2007; Paul et al., 2007] , which occurred downdip of the earthquake rupture [Banerjee et al., 2007; Paul et al., 2007] .
Coseismic Rupture Versus Postseismic Afterslip Patch
[25] GPS measurements of coseismic displacements in the near and far-field for the 2004 earthquake have been used to estimate the extent of the rupture and slip distribution on it Banerjee et al., 2007; Jade et al., 2007a; Chlieh et al., 2007; Subarya et al., 2006] . All models suggest that coseismic slip occurred on the MTZ of length of about 1400 km and width of 150-200 km and the rupture in updip direction extended up to the trench. The 2004 earthquake rupture probably did not reach up to the trench all along its length [Chlieh et al., 2007] . The downdip edge of the rupture in all cases lies in the depth range of 40-45 km, which in the Andaman-Nicobar region, approximately coincides with the east coast of the island belt. High slip occurred in the Nicobar island region and relatively low slip occurred in the Middle Andaman region. In the postseismic period high surface displacement occurred in the Little Andaman and Nicobar region but afterslip was low in that region. Maximum afterslip which is oblique to the local strike of the trench axis occurred in the South and Middle Andaman. inferred similar magnitude and location of afterslip in the Andaman-Nicobar region using estimates of postseismic deformation during JanuaryNovember 2005 from seven campaign mode sites in Andaman-Nicobar region. In the Andaman region the regions of coseismic slip and postseismic slip are well separated as the afterslip occurred further downdip of the coseismic rupture. However in the Little Andaman and Nicobar region, the two regions partly overlap (Figure 10 ). Our dense network in the Andaman region rules out such overlapping in that region, however, in the Nicobar region our conclusions are based upon the observations from two sites only, hence additional data from far-field sites in the eastern region (e.g., those located in southern Thailand, Malaysia and Sumatra) are required to further confirm this. However, we do not attempt it, as consideration of these sites will require modeling of postseismic deformation in the frontal arc region located south of Nicobar and west of Sumatra and consideration of the effects of increasing rigidity with depth and earth curvature .
[26] The location of the afterslip patch contributing postseismic deformation in the Andaman-Nicobar region after the 2004 earthquake and its relation with the coseismic rupture of the earthquake are probably different from the case of 2005 Nias earthquake [Hsu et al., 2006] . The 2005 Nias earthquake rupture was confined under the island belt Figure 9a into the temporal variation of the aftershocks. and the shallow water on either sides of the island belt Briggs et al., 2006] . Thus the rupture of the earthquake did not extend updip till the trench. Hsu et al. [2006] reported postseismic deformation through afterslip mainly on the shallow unruptured portions of the MTZ that lie updip of the 2005 rupture. Shallow afterslip in this case is consistent with the postseismic subsidence at sites located east of the afterslip patch. In contrast to this all the sites in Andaman-Nicobar region show postseismic uplift, which further indicates predominantly deep afterslip. We may not totally rule out small amount of shallow afterslip on the unruptured shallow segment of the MTZ in the Andaman region. However, we assert that it should be smaller in magnitude as compared to that of the deep afterslip. The sites in the Andaman Nicobar region are located closer to the deep afterslip patch in comparison to the shallow unruptured part of the MTZ on which the shallow afterslip might have occurred. (Figure 4) . The slow transient postseismic uplift of about 10 cm in a year recorded by GPS measurements cannot be ascertained by observing the decrease in water level in that period and also it may be noted that at some places though GPS measurements suggest uplift, due to heavy erosional effect of tsunami, the water level appears to be raised. Thus our results confirm that postseismic uplift, and not subsidence, occurred all along the Andaman region, which implies that predominantly deep afterslip was involved in producing such uplift. Hence, based on our observations and analysis, we rule out any significant shallow afterslip in the Andaman region.
No Evidence of Postseismic Subsidence and Shallow Afterslip
[28] We suspect that the results of Kayanne et al. [2007] are erroneous on several counts. First, it appears that they made GPS measurements only for a day in each campaign, whereas we generally occupied a site for at least three consecutive days so that we have at least three files of 24 h duration. We are not sure whether they used full day (24 h) observations. Second, for the inferred postseismic subsidence between the earthquake and their first observation on 22 March 2005, they claimed that the interviewed local persons indicated rise in seawater in this period. It appears that they relied heavily on the eyewitness accounts and erroneously inferred postseismic subsidence in the region. In the wake of our extensive GPS measurements, we suggest that these accounts may not be given much credentials. Along with GPS measurements, we also interviewed several people, particularly those working at ferries near jetties, harbors and ships. More than half of them reported decrease in water level implying postseismic uplift. Still we do not consider it conclusive as their memory is overwhelmed by the enormous rise in water level due to tsunami during the 2004 earthquake. Thus we do not think that everybody could actually notice the slow transient postseismic uplift of about 10 cm in a year by observing the decrease in water level in that period.
Role of West Andaman Fault
[29] The role of the West Andaman Fault (WAF) in the occurrence and in controlling the rupture extent of the 2004 Sumatra earthquake has been debated [Singh et al., 2005; Kamesh Raju et al., 2007] and it is considered to be a major lithospheric boundary. Though we could not constrain the downdip edge of the afterslip patch, in the Andaman region it certainly seems to be extending beyond the mapped surface trace of WAF in the east direction. The negligible uplift at CBAY in Great Nicobar provides a good constraint on the downdip edge of the afterslip patch in the Nicobar region. Thus the afterslip patch in the region does not extend in the downdip direction beyond the surface trace of WAF (Figure 2) . The Sumatra Fault System joins WAF east of Great Nicobar. If it is assumed that WAF somehow controls the deformation process and probably delimits the rupture extent, as debated by Singh et al. [2005] and Kamesh Raju et al. [2007] , it is not clear as to how does it extend at depth and what is its relation with the slip occurring at the plate interface.
Approximate Recurrence Interval of Earthquakes in the Andaman Region
[30] The simplest way of approximately estimating the return period is to consider the long-term slip rate of 32 mm/a on the plate interface for the frontal arc in the Andaman Nicobar region [Gahalaut and Gahalaut, 2007] and the coseismic slip release in the region. The rupture models based on geodetic data suggest a coseismic slip at plate interface of about 6 -16 m in the region Banerjee et al., 2007; Chlieh et al., 2007] which implies a return period of 187 -500 years. However, this estimate is derived from the assumption that the deformation between two earthquakes is entirely linear.
[31] Alternatively we may use the horizontal coseismic motion at the surface due to the 2004 Sumatra-Andaman earthquake and the pattern of postseismic deformation at Port Blair site and the interseismic velocity at Port Blair, to approximately estimate the return period of great earthquakes involving similar coseismic surface movement at Port Blair. We assume crustal deformation between two great earthquakes to be entirely due to postseismic and interseismic deformation. Thus immediately after the earthquake, Port Blair moves in the WSW direction at a faster rate, as the rate of postseismic deformation dominates over the interseismic rate (Figure 4) . At a later stage, Port Blair continues to move toward WSW under the influence of interseismic motion (at a rate of 9 mm/a toward N254°with respect to the Indian plate), as the effect of postseismic deformation diminishes. During the coseismic period, Port Blair experiences motion in WSW direction and catches up with the slip deficit that occurred due to locking of the Burmese plate with the underthrusting Indian plate. Thus Port Blair experiences a long-term surface displacement at the rate of about 20 mm/a toward WSW with respect to the Indian plate (Figure 11 ). If we assume that in each earthquake, similar coseismic movement occurs as it occurred during the 2004 Sumatra-Andaman earthquake, and the decay of postseismic deformation follows the similar pattern, then a tentative return period of about 400 years may be estimated (Figure 11 ). It may be noted that here we have not included the viscoelastic response of the medium which may also affect this estimate. This could again be a lower bound estimate, as the coseismic displacement was comparatively less at Port Blair as compared to that at sites in Car Nicobar and Great Nicobar. The 26 June 1941 (M 7.7) earthquake that probably occurred near the South and Middle Andaman, might have released some strain, causing less coseismic displacement at Port Blair during 2004 earthquake. The estimated return period of about 400 years is larger than the estimates of return period in the frontal arc, southwest of Sumatra region. In fact, the recent M w 8.4 earthquake of 12 September 2007 occurred in approximately the same region as the 1833 earthquake, implying a return period of about 174 years. Lower estimate of return period in southwest Sumatra region is consistent with the higher rate of strain accumulation in this region, as compared to the Andaman region. Our tentative estimate of earthquake return period in the Andaman region could not be verified from other sources due to lack of historical records from the region. The intermittent colonial occupation of islands started at the middle of eighteenth century by the Danish, followed by British and continuous colonial occupation started only after 1869 until the independence of India in 1947. Prior to nineteenth century, we do not know much about the history of the Andaman-Nicobar region as the indigenous tribes did not keep any written records. Thus prior to the occurrences of earthquakes on 31 October 1847, possibly near Nicobar islands (7.5 > M > 7.9 [Bilham et al., 2005] 
Conclusions
[32] GPS measurements during January 2005, February 2006, and February 2007 at campaign mode sites and at one permanent site in the Andaman-Nicobar region, suggest intense postseismic deformation in the region following the 26 December 2004 Sumatra-Andaman earthquake whose 1400 km long rupture in the frontal arc of Sunda subduction zone extended from N Sumatra till north of North Andaman. All the sites in the region experienced west to southwest motion during the postseismic period, which is similar to the observed coseismic displacement in the region. Postseismic uplift occurred at all sites, whereas the 2004 earthquake caused coseismic subsidence at most of the sites in the Andaman Nicobar region, except at those in the Little and North Andaman. Postseismic deformation follows a logarithmic decay with a decay time of about 70 days. In general, the postseismic horizontal deformation rate decreases from south to north. The horizontal and vertical deformation rates decrease from east to west which Figure 11 . Motion of Port Blair with respect to the India plate during coseismic, postseismic, and interseismic phases. In the interseismic period, the site moves at a velocity of 9 mm/a toward WSW. The postseismic deformation is consistent with that observed at Port Blair and follows the form of u(t) = a 1 + b 1 t + c 1 N(t) [Savage et al., 2007] . The coseismic displacement in WSW direction (corresponding to 3.07 m at Port Blair ) is shown by steps. The long-term surface movement of 20 mm/a at Port Blair is consistent with Gahalaut and Gahalaut [2007] . The available estimates of interseismic, coseismic, and postseismic deformation provide a return period of 409 years.
place strong constraints on the location of afterslip in the Andaman region. We estimate that in Andaman region, afterslip patch lies about 40 km east of the Andaman island belt, downdip of the coseismic rupture. In the Little Andaman and Nicobar region, the afterslip patch partly overlaps the coseismic rupture. The downdip edge of the afterslip patch on the subduction interface does not extend beyond the WAF and SFS in the Nicobar region. The aftershocks in the region contribute only 13% of the afterslip moment, implying that the afterslip in the region is mostly aseismic. The evolution of postseismic displacement and aftershocks appear to be having a linear relationship with different decay rate, consistent with the mechanism of frictional afterslip. We used interseismic and postseismic rates and coseismic displacement in the Andaman region to approximately estimate the return period of great earthquakes having comparable slip, as about 400 years.
Appendix A
[33] Perfettini and Avouac [2004] presented analysis of postseismic relaxation driven by creep and suggested that the aftershocks and the postseismic deformation both follow same temporal evolution. When the time of observation (t) is significantly smaller than the characteristic relaxation time (t r ), cumulative postseismic displacement U(t) and cumulative frequency of aftershocks N(t), in their equations (50) and (52), can be written as
where V 0 and R 0 are the long-term velocity and seismicity rate, d = V + /V 0 = R + /R 0 with V + and R + as the velocity and seismicity rates after the main shock, a and b are some geometrical factors. We analyzed the eastward component of the displacement vector, as this is the direction of predominant deformation in all phases. The eastward displacement at Port Blair relative to footwall (i.e., Indian plate) may be written as U(t) = aV 0 t + bV 0 t, which is 8.5 mm/a (the eastward component of the interseismic velocity of 9 mm/a toward N250°). V 0 is assumed as 26 mm/a (the eastward component of long-term velocity of 30 mm/a, Gahalaut and Gahalaut [2007] toward N230°). This constrains a + b to be 0.32. R 0 is taken as 0.0219 events/d for earthquakes of M ! 4.5 during . N(t = 0) is 44, i.e., the number of aftershocks on the day of earthquake. Using equation (A2) we estimate R 0 t r and t r /d as 268.4 and 8.2 respectively in the best fitting manner. We assumed various values of a lying between 0 and 0.32 and estimated t r and t r /d; t r /d in this case is 69.4 days which is about eight times lower than that derived from the seismicity rate. If we assume d to be the same in both cases, then characteristic relaxation time for the displacement is about eight times of seismicity. Unfortunately the estimate of t r in equation (A1) is modulated by b and hence an independent estimate of t r is not possible. If we assume a to be 0, then t r is estimated as 46.4 years. For higher values of a, t r increases. We use the estimated value of d to calculate t r for the seismicity as 5.5 years.
